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INTRODUCTION
Filamentous nanomachines composed of type IV pilins are virtually ubiquitous in 40 Bacteria and Archaea (Berry and Pelicic, 2015) , to which they confer a variety of 41 unrelated functions including adhesion, motility, protein secretion, DNA uptake. polymers of usually one major type IV pilin. Type IV pilins (simply named pilins 48 hereafter) are defined by an N-terminal sequence motif known as class III signal 49 peptide (Giltner et al., 2012) . This motif -IPR012902 entry in the InterPro database 50 (Jones et al., 2014 ) -consists of a hydrophilic leader peptide ending with a tiny 51 residue (Gly or Ala), followed by a tract of 21 mostly hydrophobic residues, except for 52 a negatively charged Glu5. This hydrophobic tract represents the N-terminal portion 53 (α1N) of an extended α-helix of ~50 residues (α1), which is the universally conserved 54 structural feature of type IV pilins (Giltner et al., 2012) . Although some small pilins other model competent species Bacillus subtilis (Chen et al., 2006) . For this reason, 96 until this points is addressed in other competent species, we refer to Com as 97 (pseudo)pili in this study. 98 How Com (pseudo)pili are assembled, bind DNA and presumably retract in the 99 absence of a PilT retraction motor is not understood. One important limitation is the 100 absence of high-resolution structural information. Therefore, in the present study, we (from B. subtilis) show 33.3% sequence identity overall (Fig. S1 ). This is consistent 158 with the existence of a ComGC signature in the InterPro database (IPR016940) 159 (Jones et al., 2014) , which lists 2,809 ComGC entries. Global multiple alignment of 160 these ComGC proteins shows that most of the sequence is conserved in ~90% of the 161 entries (Fig. 2) . In Fig. 2 , the consensus sequences have been aligned to ComGCSS 162 and ComGCSP. Strikingly, some residues show sequence identity in virtually all the 163 entries, including residues outside of the α1N portion (such as Ala38, Gln46, Tyr50 and 164 Leu64 in ComGCSS), which is highly unusual in type IV pilins. 165 The above observations suggest that Com (pseudo)pili form a highly 166 homogeneous Tff sub-family. This was tested by performing a phylogenetic analysis 167 based on the protein sequences of major pilins from different Tff found in a wide 168 variety of bacteria, including Tfpa, Tfpb, Tfpc (also known as Tad pili), mannose-169 sensitive hemagglutinin pili (MSH), type II secretion systems (T2SS) and Com 170 (pseudo)pili. The phylogeny tree that was generated ( Fig. 3) , using IQ-TREE 171 (Nguyen et al., 2015) , reveals that several Tff are in clear monophyletic groups with 172 good branch support, >96% ultrafast bootstrap (UFBoot) (Hoang et al., 2018) . Of 173 particular interest, Com (pseudo)pili define a highly supported clade (99% UFBoot), 174 clearly distinct form all other Tff systems. 175 Taken together, these findings show that ComGC is a small pilin with a highly 176 conserved sequence, which defines a monophyletic group. 177 178 Solution structure of two ComGC orthologs reveal a conserved and new type 179 IV pilin fold 180 Since high-resolution structural information is needed to improve our understanding 181 of Com (pseudo)pili, we decided to solve the 3D structure of ComGCSS. To facilitate 182 protein purification, we used a synthetic comGCSS gene codon-optimised for 183 expression in Escherichia coli, and fused the 72 aa-long soluble portion of ComGCSS 184 to a non-cleavable N-terminal hexahistidine tag (6His). This truncation, which 185 removes the first 22 residues that invariably form a protruding hydrophobic α-helix (α-186 1N), is known not to affect the structural fold of the rest of the protein (Giltner et al., 194 4, ComGCSS 3D structure is unlike that of any type IV pilin present in PDB, as it is 195 purely helical, with three distinct helices connected by loops. The helices present are 196 consistent with JPred secondary structure prediction ( Fig. 2) (Drozdetskiy et al., 197 2015) . The N-terminal α1-helix, which involves residues 37-53 of the processed 198 protein, corresponds to α1C since the hydrophobic α1N has been truncated in ComGCSS. Tightly packed against this α1-helix, in a parallel plane, are α2-helix 200 (residues 61-67) and α3-helix (residues 72-85), which stack against each other in 201 antiparallel fashion ( Fig. 4A ) and orthogonally to α1. Except for the N-terminal 202 unstructured residues, the ComGCSS structures within the NMR ensemble superpose 203 well onto each other ( Fig. 4B) , with a root mean square deviation (RMSD) of 1.22 Å 204 for Cα atoms, which suggests that there is no significant flexibility in this region of the 205 structure (Krissinel and Henrick, 2004) . The unstructured N-terminus, which lacks 206 long and medium NOEs present in the ordered regions of the proteins, was predicted 207 to be highly dynamic based on TALOS+ (Shen et al., 2009) , with an average S 2 order 208 parameter of 0.49 ± 0.10. 209 Our ComGCSS structure differs markedly from the recently reported solution 210 structure of ComGCSP (PDB 5NCA) (Muschiol et al., 2017) , which is surprising 211 considering the high sequence identity between these two proteins (Fig. 2) . 212 Therefore, in order to define the structural relationship between ComGC orthologs, 213 we decided to solve the structure of ComGCSP. As above, we used a synthetic 214 comGCSP gene codon-optimised for expression in E. coli, we fused the 71 aa-long 215 soluble portion of ComGCSP to a non-cleavable N-terminal 6His tag and purified 216 doubly labelled 6His-ComGCSP (8.99 kDa). Again, assignment was excellent since 217 98.1% of the backbone and 90% of assignable protons overall could be assigned. 218 Structural ensembles were determined with 880 NOE based restraints, 54 hydrogen 219 bonds, 102 dihedral angles restraints and 38 RDC (Table 1) . As can be seen in Fig.   220 5, our ComGCSP 3D structure is highly similar to the structure of ComGCSS, but very 221 different from the solution structure that was recently determined from a low number 222 of restraints ( Fig. S2) (Muschiol et al., 2017) . In brief, ComGCSP display three distinct 223 helices, with α2-helix (residues 60-66) and α3-helix (residues 71-82) stacking against 224 each other and packing orthogonal to the N-terminal α1-helix ( Fig. 5A ). As for 225 ComGCSS, except for the unstructured N-terminus, there is no significant flexibility in 226 ComGCSP since the structures within the NMR ensemble superpose well onto each 227 other, with a RMSD of 1.60 Å for Cα atoms (Fig. 5B ). Our ComGCSS and ComGCSP 228 averaged structures are highly similar ( Fig. 5C ), with 1.79 Å RMSD between their 229 ordered regions and 1.54 Å RMSD for the helical regions, which is consistent with the 230 high sequence identity between these two proteins. 231 As determined by GETAREA (Fraczkiewicz and Braun, 1998 ) with a probe 232 radius of 1.4 Å, the average ratio of solvent exposure for the ordered portion of 233 ComGCSS is 48.3%, relative to 6.7% for those residues determined to be on the 234 interior. In our ComGCSS structure, conserved residues Val43, Gln46, Tyr50, Leu64 and 235 Ile70 are deeply buried, with an average of only 6.0% solvent exposure, forming a 236 critical portion of an hydrophobic core contributing to the globular fold of ComGC. 237 ( Fig. 6 ). In contrast, conserved Gly68 is solvent exposed, which is important for the 238 formation of the α2-helix-turn-α3-helix motif where a tiny residue at the beginning of 239 the turn is necessary to provide the flexibility and lack of steric restrictions required 240 for turning. These observations also apply to our ComGCSP structure, and are 241 surprisingly reflected in the conservation of multiple chemical shifts between the 242 conserved residues in our two structures ( Fig. S3 ). In addition, modelling of the 243 globular head of ComGCBS ( Fig. S4 ), which predicts a globular fold similar to 244 ComGCSS and ComGCSP, shows that Cys36 and Cys76 are in close enough proximity 245 to form a disulfide bond. Such disulfide bond, which is absent in ComGCSS and 246 ComGCSP that do not have Cys residues, is expected to stabilise the globular fold and was reported to stabilise ComGC in B. subtilis (Chen et al., 2006; Meima et al., 248 2002) . 249 Since the hydrophobic α1N that has been truncated in 6His-ComGCSS is highly 250 similar to the corresponding portion of the PilE major pilin from Neisseria 251 gonorrhoeae (Fig. S5 ), we could model the structure of the portion of α1 truncated in 252 our construct, which produced a reliable model of full-length ComGCSS (Fig. 7) . 253 Comparison with the two different pilin folds identified so far -pilins from N. very similar to the one in Fig. 7 for which a different template has been used. 283 Considering that ComGC defines a monophyletic group and is highly conserved, it is 284 very likely that all ComGC orthologs will display a similar 3D structure. This was 285 strengthened by producing structural models for a range of different species 286 expressing more or less distant ComGC (21.3-65.6% sequence identity), which were 287 used to generate the phylogeny tree in Fig. 3 . As seen in Fig. S6 , all the models 288 display the same lollipop shape with a globular head mounted onto a α1 stick. As for 289 ComGCSS and ComGCSP, the structural backbone of the globular head is always a 290 helix-turn-helix roughly orthogonal to α1. 291 We next assessed whether full-length ComGC would be compatible with helical 292 Tff assembly, and found that to be the case. Despite its novel pilin fold, we were able 293 to model packing of ComGC within the cryo-EM structure of K. oxytoca T2SS 294 pseudopili, which have a morphology similar to Com (pseudo)pili observed in S. Taken together, these observations suggest that the Com (pseudo)pilus is a Tff that 329 has emerged only once, very early during the diversification of Firmicutes, where it 330 has remained largely confined ever since. Since the Com-encoding genes have not 331 become pseudogenes, it is likely that most Bacilli have the ability to assemble a Com 332 (pseudo)pilus and take up DNA. However, since only a handful of these species have been experimentally shown to be competent (Johnston et al., 2014) , this implies that 334 either the imported DNA is primarily used as food or for genome repair instead of 335 genome diversification, or that the inducing cues leading to transformation are yet to 336 be established for most species of Firmicutes. Alternatively, Com (pseudo)pili might 337 have evolved in some of these species to take up other macromolecules, which is 338 however at odds with the conservation of the five pilins. 339 Perhaps the most important finding in this study is that ComGC, the major ours. While the previous structure is purely helical as well, the orientation of the α2 366 and α3 helices is entirely different, resulting in an absence of packing of the 367 conserved hydrophobic core. Therefore, PDB 5NCA which resembles a one-sided 368 "pick-axe" with no globular head cannot be readily modelled into a helical Tff (Fig.   369 S7). Indeed, the pick-axe points towards the filament core, which is sterically 370 disallowed and incompatible with filament assembly. Interestingly, our assignments 371 vary only slightly from those previously produced for PDB 5NCA (Fig. S8 ). However, 372 while we have managed to successfully assign 90% assignable protons overall, the 373 previous assignment was merely 65% (Muschiol et al., 2017) , which probably 374 accounts for the apparently "unfolded" state of PDB 5NCA. Indeed, without a high 375 degree of proton identification, the assignment of NOESY peaks and production of 376 distance restraints fails. Local hydrogen bonds and dihedral restraints often cannot 377 compensate for lack of long-range NOEs within the protein interior or between 378 elements of secondary structure. 379 Together with these conserved structural features, the conservation en bloc of 380 the genes encoding the Com (pseudo)pilus strongly suggests that the molecular 381 mechanisms of filament assembly and DNA uptake are widely conserved in 382 Firmicutes. These mechanisms, which remain poorly understood, can be 383 advantageously studied in S. sanguinis, which has recently emerged as a monoderm 384 Tfp model (Pelicic, 2019) . Actually, S. sanguinis is the only monoderm shown to In conclusion, by providing high-resolution structural information for the 404 ComGC pilins, this study has shed light on an understudied Tff involved in DNA 405 uptake found in hundreds of monoderm bacterial species and has led to the 406 surprising discovery of a novel type IV pilin fold. This paves the way for further 407 investigations of this minimalist Tff, which are expected to improve our understanding 408 of a fascinating superfamily of filamentous nanomachines ubiquitous in prokaryotes. 412 Protein sequences were routinely analysed using the DNA Strider program. Protein 413 sequence alignments were done using the Clustal Omega server at EMBL-EBI. 414 Pretty-printing of alignment files was done using BoxShade server at ExPASy. 415 Reformatting of large multiple alignment files was done using the MView server at with default parameters, in order to select the informative sites. Next, we inferred 431 maximum likelihood trees from the curated alignments using IQ-TREE v 1.6.7.2 432 (Nguyen et al., 2015) , with option -allnni. We evaluated the node supports using the 433 options -bb 1,000 for ultra-fast bootstraps, and -alrt 1,000 for SH-aLRT (Hoang et al., Modelling 520 SWISS-MODEL server at ExPASy was used for modelling protein 3D structures. In 521 brief, the full-length ComGCSS was modelled with using N. gonorrhoeae major pilin 522 (PDB 2PIL) as a template (Forest et al., 1999) . We first modelled the missing α1 523 residues in our structure, which was aligned to our Xplor-NIH-produced average 524 NMR structure (without the first unstructured α1 residues) using PyMol and finally 525 merged using Coot (Emsley et al., 2010) . 526 Similarly, the full-length ComGCSS structure within filaments was modelled by 527 using one K. oxytoca PulG subunit from the T2SS pseudopilus (PDB 5WDA) as a 528 template for the missing α1 residues in our structure (Lopez-Castilla et al., 2017) . Residues were shaded in black (identical), grey (conserved) or unshaded (different). 707 The leader peptide is highlighted. In the recombinant proteins that were produced for 708 structure determination, the N-terminal 22 residues invariably forming a protruding 709 hydrophobic α-helix were truncated (depicted by an arrow) to promote solubility. The 
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